Rapid and uncontrolled urbanization is continuously increasing buildings' energy consumption and greenhouse gas emissions into the atmosphere. In this scenario, solar energy integrated into the built environment can play an important role in optimizing the use of renewable energy sources on urban surfaces. Preliminary solar analyses to map the solar accessibility and solar potential of building surfaces (roofs and façades) should become a common practice among urban planners, architects, and public authorities. This paper presents an approach to support urban actors to assess solar energy potential at the neighborhood scale and to address the use of solar energy by considering overshadowing effects and solar inter-building reflections in accordance with urban morphology and building characteristics. The approach starts with urban analysis and solar irradiation analysis to elaborate solar mapping of façades and roofs. Data processing allows assessment of the solar potential of the whole case study neighborhood of Sluppen in Trondheim (Norway) by localizing the most radiated parts of buildings' surfaces. Reduction factors defined by a new method are used to estimate the final solar potential considering shadowing caused by the presence of buildings' architectural elements (e.g., glazed surfaces, balconies, external staircases, projections) and self-shading. Finally, rough estimation of solar energy generation is assessed by providing preliminary recommendations for solar photovoltaic (PV) systems suited to local conditions. Results show that depending on urban morphology and buildings' shapes, PV systems can cover more than 40% of the total buildings' energy needs in Trondheim.
Introduction
By 2050, 75% of the world's population is expected to live in cities because of a massive migration process from rural to urban areas [1] [2] [3] . This has contributed to the creation of more complex high density urban environments creating more challenges to the efficient deployment of Renewable Energy Sources (RES), especially for solar energy accessibility and related applications, such as solar system integration [4, 5] . Today, solar systems are not only seen as a means for energy generation but they are increasingly conceived as an integrated architectural element, as architects have successfully demonstrated the potential of using solar modules as building materials with aesthetic functions, in addition to being active and profitable building skin elements.
The complexity of the built agglomerations (such as building volumes, urban or building typological factors, density, vegetation, etc.) often affects the incidence of solar irradiation on the buildings' surfaces Other gaps are related to the calculation methods. Studies show that the most common calculation methods are based on the "constant irradiation level" [16, 17] . In the case of the solar map of Norway, the calculation is based on Photovoltaic Geographical Information System (PVGIS), a European solar mapping program that uses satellite data but does not consider overshadowing effects due Energies 2019, 12, 3554 4 of 28 to the presence of other buildings. PVGIS also does not consider solar inter-building reflections [18] , which are not taken into account in any of the other existing solar maps as well [17] .
The solar map of Switzerland is an example of advanced solar maps. It allows visualization of values in an interactive 2D map, including values of solar irradiation on both roofs and façades of the buildings of the whole country, categorization of irradiation results, and availability of both PV and ST outputs and user-friendly visualization of the results [19] . The 3D information about the buildings comes from the dataset swissBUILDINGS 3D 2.0 [19, 20] . Global irradiation data is derived from satellite data from MeteoSwiss and the temperature data is taken from ground measurement stations for the years 2004-2014 [20] . The Perez sky model is used for global irradiation data collection. Therefore, direct, diffuse irradiation and solar reflections from the ground are calculated in the middle point of each surface; shadowing due to the presence of nearby buildings and the vegetation elements is also taking into account, while solar inter-building reflections are not considered. Solar energy generation options with PV coverage of 25%, 50%, and 100% of the façade are presented. When it comes to the potential of the roofs, alternatives of 50%, 75%, and 100% of surface coverage with PV systems are available. According to the Swiss Federal Office of Energy, modules of efficiency of 17% and a performance ratio of 80% are used for solar energy generation calculations [19, 20] . The efficiency of ST energy is based on a statistical data-dimensioned system. However, in the solar map of Switzerland, the calculations for solar energy generation are made without any distinction between windows and opaque walls, while any architectural elements or obstructions such as balconies or staircase that reduce the solar potential of surfaces are considered [6, 20] .
This latter aspect represents one of the major research gaps of the existing solar maps that the presented approach aims to overcome. In the solar energy potential calculations of both the roofs and the façades, this approach considers the solar reflections from other buildings and the ground, along with the shadows due to the presence of geographic elements (e.g., orography of the terrain) and other structures (e.g., fabrics).
Furthermore, a method [6] to estimate the real available area for PV system installation by considering architectural factors and buildings' physical elements (e.g., glazed surfaces, balconies, external staircases, projections) has been applied.
Solar Energy Potential in Norway
One of the challenges associated with solar energy in Norway is uneven annual distribution of solar irradiation. In Trondheim (latitude 63 • N), the solar irradiation varies substantially from low values in winter to abundance of irradiation in summer, as well as variations caused by daylight availability and sun height. In summer, daylight hours are up to almost 21 h, while in winter they can be as shorts as 4 h and 30 min [21] .
Regarding sun height, in Trondheim it is 50 • in summer solstice, while in winter solstice it is only 5 • . Because of low sun elevation in winter, harvesting solar energy through building integrated PV systems on the façades is a good alternative and such solutions are more often applied in Norway. In the office building Solsmaragden in Drammen, the façades were covered with integrated PV cells [22, 23] . The Powerhouse in Trondheim was shaped to maximize solar energy harvesting potential and energy generation from PV systems [24, 25] by placing cells on the roof, southern façade, and on top of the western façade of the building. This allows to reach the Zero Emission Building-Construction, Operation and production of building Materials (ZEB-COM) level, which balances the amount of energy produced by RES in the building with the greenhouse gas (GHG) emissions from construction, operation, and production of the buildings' materials [26] .
These examples show the growth in solar power installations in Norway, which in 2016 registered 75% more installations compared to 2015, while data from 2018 shows a further increase of more than 4 times compared to 2015 [7, 27] . Other challenges related to solar energy in Norway are associated with high cloud coverage, significant amounts of precipitation and snowfall, and long darkness periods [28] , while low air temperature is both challenge and opportunity because it contributes to maintaining optimal efficiency of PV systems [29] . Another general issue is associated with urban density, even if Norwegian urban environments are mostly characterized by low-medium urban agglomeration. An example in that sense is a commercial building located in the Lerkendal district in Trondheim, where PV panels placed on the western and southern façades were shadowed by the presence of a new residential block built on the south side causing a significant reduction of solar energy potential [7] . This example demonstrates that tools such as solar maps, through preliminary solar accessibility and solar potential analyses, can prevent and avoid common urban planning mistakes that can lead to misplaced location of solar systems with consequent decrease in energy production.
Case study Area
The approach is applied in the case study area of Sluppen, located in the south of Trondheim. Currently, the Sluppen area is surrounded by the Nidelva river and it is dominated by industrial buildings and numerous parking areas, while residential buildings are located in the southeastern part. The E6 highway and Holtermanns veg, the main road for access to the city center from the south, separate the neighborhood and block access to greenery ( Figure 1 ). associated with high cloud coverage, significant amounts of precipitation and snowfall, and long darkness periods [28] , while low air temperature is both challenge and opportunity because it contributes to maintaining optimal efficiency of PV systems [29] . Another general issue is associated with urban density, even if Norwegian urban environments are mostly characterized by low-medium urban agglomeration. An example in that sense is a commercial building located in the Lerkendal district in Trondheim, where PV panels placed on the western and southern façades were shadowed by the presence of a new residential block built on the south side causing a significant reduction of solar energy potential [7] . This example demonstrates that tools such as solar maps, through preliminary solar accessibility and solar potential analyses, can prevent and avoid common urban planning mistakes that can lead to misplaced location of solar systems with consequent decrease in energy production.
The approach is applied in the case study area of Sluppen, located in the south of Trondheim. Currently, the Sluppen area is surrounded by the Nidelva river and it is dominated by industrial buildings and numerous parking areas, while residential buildings are located in the southeastern part. The E6 highway and Holtermanns veg, the main road for access to the city center from the south, separate the neighborhood and block access to greenery ( Figure 1 ). According to the Norwegian planning guidelines, the municipalities should develop more compact cities to reduce the use of land and the GHG, and to promote environmentally friendly means of transport; attractive, livable, and enjoyable living areas; and the exploitation of RES [30, 31] . According to the Norwegian planning guidelines, the municipalities should develop more compact cities to reduce the use of land and the GHG, and to promote environmentally friendly means of transport; attractive, livable, and enjoyable living areas; and the exploitation of RES [30, 31] .
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The approach is applied in the case study area of Sluppen, located in the south of Trondheim. Currently, the Sluppen area is surrounded by the Nidelva river and it is dominated by industrial buildings and numerous parking areas, while residential buildings are located in the southeastern part. The E6 highway and Holtermanns veg, the main road for access to the city center from the south, separate the neighborhood and block access to greenery ( Figure 1 ). According to the Norwegian planning guidelines, the municipalities should develop more compact cities to reduce the use of land and the GHG, and to promote environmentally friendly means of transport; attractive, livable, and enjoyable living areas; and the exploitation of RES [30, 31] . 
Methodology
The methodological analysis approach consists of a logical sequence of six steps ( Figure 3 ).
The methodological analysis approach consists of a logical sequence of six steps ( Figure 3 ). It is based on two complementary methodologies developed in Switzerland: the first one for mapping the solar potential of the existing building stock (both roofs and façades) [20] , and the second one for detailing the potential of installation for Building Integrated Photovoltaic (BIPV) systems in urban areas of the Ticino Region [6, 12] .
The novelty of the proposed approach stands in coupling these methods in a logical and sequential chain of steps with simulation modelling, analysis, and processing tools that allow potential solutions to be proposed for the individualized research gaps in the existing solar maps. 
Step 1-Urban Analysis
The first step aims to analyze the most important urban parameters influencing the solar potential. First, the number of buildings and their main orientation are described. Then, a series of analyses to evaluate the impact of urban characteristics on the solar potential are performed ( Table  2) .
The urban analysis starts by extracting all of the building information (e.g., heights of the buildings, available area) from the 3D model developed in Rhinoceros environment, while the database is developed in Excel. The rest of the urban analysis is conducted in Revit. Information related to each building is addressed in different maps with analysis of urban characteristics. Table 2 . Types of analyses conducted in Step 1-Urban Analysis.
Type of Analysis Description Categories
Analysis of BRA * Determines the building density in urban areas in Norway [34] .
very low (0-5000 m 2 ) low (5000-10,000 m 2 ) medium (10,000-15,000 m 2 ) medium-high (15,000-20,000 m 2 ) high (20,000-25,000 m 2 ) very high (> 25,000 m 2 ) Figure 3 . Workflow of the approach to assess solar energy potential at the neighborhood scale.
It is based on two complementary methodologies developed in Switzerland: the first one for mapping the solar potential of the existing building stock (both roofs and façades) [20] , and the second one for detailing the potential of installation for Building Integrated Photovoltaic (BIPV) systems in urban areas of the Ticino Region [6, 12] .
The novelty of the proposed approach stands in coupling these methods in a logical and sequential chain of steps with simulation modelling, analysis, and processing tools that allow potential solutions to be proposed for the individualized research gaps in the existing solar maps.
Step 1-Urban Analysis
The first step aims to analyze the most important urban parameters influencing the solar potential. First, the number of buildings and their main orientation are described. Then, a series of analyses to evaluate the impact of urban characteristics on the solar potential are performed ( Table 2 ). The urban analysis starts by extracting all of the building information (e.g., heights of the buildings, available area) from the 3D model developed in Rhinoceros environment, while the database is developed in Excel. The rest of the urban analysis is conducted in Revit. Information related to each building is addressed in different maps with analysis of urban characteristics.
Step 2-Solar Irradiation Analysis
This step performs the solar irradiation analysis at the district level in order to identify the solar potential of the roofs and façades. To estimate both direct and diffuse solar irradiation, as well as solar reflections from the ground and the surrounding buildings, the Radiance parameters are set for the simulation ( Table 3 ) and for the materials (Table 4 ). Yearly and seasonal solar irradiation analyses are conducted through Diva-for-Rhino by using the 3D model of the analyzed area. The simulation period is annual for façades and roofs. The ground surface properties change during the year instead (asphalt in spring, summer, and autumn; snow in winter). SP: Specularity; RG: Roughness.
Step 3-Solar Mapping
In this step, a solar map is developed based on annual solar irradiation analyses (Step 2) in order to visualize the parts of the roofs and of the façades with the highest solar potential at the district level.
The solar map is partially based on the methods used for the solar map of Switzerland [19, 20] . In order to identify the potential solar energy generation on the façades roofs, several aspects of the methodology developed for the Swiss solar map are adapted in the proposed approach. The same factors influencing solar irradiation are considered:
• Exposure of the urban surfaces (roofs, façades, and terrain) to solar irradiation; • Orientation of the façades and roofs (flat and pitched); • Shadows among the buildings and self-shading by other parts of the building, only when the protruding volume affects the middle point of the façade or roof surface;
The estimation of solar potential is obtained by conducting annual solar irradiation mapping through Diva-for-Rhino and collecting average values of solar irradiation in the middle point of each building's surface ( Figure 4 ). Therefore, the parts of the façades and of the roofs partly shaded during the day or during some periods of the year are not considered in this stage. However, in the next steps a more detailed grid based analysis is conducted.
The obtained annual solar irradiation values are in the range of 0-1100 kWh/m 2 , and this interval is divided into five categories: very low (0-220 kWh/m 2 year), low (220-440 kWh/m 2 year), medium (440-660 kWh/m 2 year), high (660-880 kWh/m 2 year), and very high (880-1100 kWh/m 2 year). Then, annual solar irradiation values for each surface are imported into Revit and represented as 2D surfaces for the roofs and 2D lines for the façades. Different colors and line thicknesses for the façades have been assigned to indicate the solar potential, with the thickest lines in red and dark red representing high and very high solar potential, average line thickness in orange representing medium solar potential, and the thinnest lines in yellow and blue representing façades with very low and low solar potential. The estimation of solar potential is obtained by conducting annual solar irradiation mapping through Diva-for-Rhino and collecting average values of solar irradiation in the middle point of each building's surface ( Figure 4 ). Therefore, the parts of the façades and of the roofs partly shaded during the day or during some periods of the year are not considered in this stage. However, in the next steps a more detailed grid based analysis is conducted. The obtained annual solar irradiation values are in the range of 0-1100 kWh/m 2 , and this interval is divided into five categories: very low (0-220 kWh/m 2 yr), low (220-440 kWh/m 2 yr), medium (440-660 kWh/m 2 yr), high (660-880 kWh/m 2 yr), and very high (880-1100 kWh/m 2 yr). Then, annual solar irradiation values for each surface are imported into Revit and represented as 2D surfaces for the roofs and 2D lines for the façades. Different colors and line thicknesses for the façades have been assigned to indicate the solar potential, with the thickest lines in red and dark red representing high and very high solar potential, average line thickness in orange representing medium solar potential, and the thinnest lines in yellow and blue representing façades with very low and low solar potential.
Step 4-Data Processing
At this stage, the outputs of the urban analysis (Step 1) are linked with the solar mapping elaborated in Revit (Step 3) to investigate how the urban morphology influences the solar potential at the district level. After the elaboration of solar maps for roofs and façades (Step 3), the 3D model is transferred into the Grasshopper environment and is used as a visual to identify the solar potential for the entire analyzed district, using different colors depending on the average value of solar irradiation impinging on the surfaces. Furthermore, the other aspects of the urban analysis, such as the map related to the aspect ratio between the height (H) of the building and width (W) of the street, H/W (i.e., urban density), are combined with the solar potential of the whole district to visually show their relation. Bar and pie charts elaborated in Excel show the solar potential of façades and roofs according to selected parameters ( Table 5 ). Table 5 . Type of analysis included in the data processing.
Type of Analysis

Analyzed
Surfaces Analyzed Parameters Outcomes
Surface area calculations
Roofs and façades
Orientation Orientation of the roofs and façades of the buildings in the whole district Solar potential Solar potential of the whole district
Façades
Orientation, H/W ratio, solar potential
Influence of the H/W ratio and orientation on solar potential 
Step 4-Data Processing
Type of Analysis Analyzed Surfaces Analyzed Parameters Outcomes
Surface area calculations
Roofs and façades Orientation Orientation of the roofs and façades of the buildings in the whole district Solar potential Solar potential of the whole district
Façades
Orientation, H/W ratio, solar potential Influence of the H/W ratio and orientation on solar potential
Orientation of the façades, height of the building, solar potential of the façades Influence of the height of the buildings and orientation of the façades on solar potential
Step 5-Definition of Building Archetypes and Reduction Factors
This step of the approach aims to define the architypes and to assess the effective available area for PV system installation on façades and roofs by considering architectural elements, obstructions, and glazed surfaces. In fact, the total surface of the building's envelope is usually strongly reduced by the shadings of architectural elements and obstructions (i.e., balconies and external staircases), as well as by the presence of the glazed surfaces (windows), which can only be partially replaced with PV systems.
The calculation of the effective available area is performed by defining reduction factors that are grounded on an existing methodology developed to assess the solar potential of façades in the Swiss context of the Ticino region [6] . This methodology allows consideration of transparent and opaque building elements and typological obstructions such as balconies, chimneys, and eaves in order to assess the installation of PV systems on façades. The reduction factors (IR) are applied to the total gross façade area (S gr ), as shown in Equation (1) . They were determined in accordance with the local urban and building features ( Table 6 ). , S open is the windows surface (m 2 ), S acc is the parapet surface (m 2 ), S t is gross façade surface with balconies (m 2 ), and S external is external element surface (m 2 ).
The threshold irradiation value for IR 4 and IR 5 is set equal to 440 kWh/m 2 year, because it represents the lowest threshold of the range of medium solar potential introduced in Step 3. Direct, diffuse, and reflected irradiation from the ground and other buildings are considered in their calculation. Different building typologies ( Figure 5 ) located in Trondheim ( Figure 6 ), defined as archetypes, are first analyzed in AutoCAD to assess which surfaces can be effectively used for BIPV or building applied photovoltaic (BAPV) systems (i.e., usable area for solar system installation).
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Calculation and Application of the Reduction Factors
The reduction factors are calculated and applied for all façades of the building typologies. Examples of the calculation of the reduction factors caused by the presence of windows (IR1) and balconies (IR2) are shown in Figure 7 , where the unusable surfaces for solar systems are represented as grey areas, whereas the remaining opaque parts are assumed to be exploitable with crystalline silicon (c-Si) PV opaque claddings. Regarding the influence of transparent surfaces (considered The archetypes were chosen by matching the building volumes designed in the feasibility studies with the criteria summarized in Table 7 . Table 7 . Criteria for choosing buildings for reduction factor analysis.
Importance Category Criteria Explanation
Primary
Year of construction 2000 or later Majority of buildings in Sluppen are new, therefore buildings of no more than 20 years old are taken into consideration.
Secondary Location
1.
Proximity to or location within case study area.
2.
Different building typologies located within one district.
Design of new buildings can be inspired by structures in new neighborhoods.
Ilsvika district in Trondheim is chosen due to the presence of various building typologies (U-shaped buildings, L-shaped buildings, linear and row houses).
Calculation and Application of the Reduction Factors
The reduction factors are calculated and applied for all façades of the building typologies. Examples of the calculation of the reduction factors caused by the presence of windows (IR 1 ) and balconies (IR 2 ) are shown in Figure 7 , where the unusable surfaces for solar systems are represented as grey areas, whereas the remaining opaque parts are assumed to be exploitable with crystalline silicon (c-Si) PV opaque claddings. Regarding the influence of transparent surfaces (considered through IR 1 ), only 20% of the opening's area is considered suitable for semi-transparent PV cladding. This setting was set in order to guaranteeing the penetration of light, especially in the winter period when sunlight is limited and the angle of the sun is very low. In fact, higher density of solar cells can reduce The archetypes were chosen by matching the building volumes designed in the feasibility studies with the criteria summarized in Table 7 . 
The reduction factors are calculated and applied for all façades of the building typologies. Examples of the calculation of the reduction factors caused by the presence of windows (IR 1 ) and balconies (IR 2 ) are shown in Figure 7 , where the unusable surfaces for solar systems are represented as grey areas, whereas the remaining opaque parts are assumed to be exploitable with crystalline silicon (c-Si) PV opaque claddings. Regarding the influence of transparent surfaces (considered through IR 1 ), only 20% of the opening's area is considered suitable for semi-transparent PV cladding. This setting was set in order to guaranteeing the penetration of light, especially in the winter period when sunlight is limited and the angle of the sun is very low. In fact, higher density of solar cells can reduce the availability of natural light in the indoor spaces. In the calculations of IR 2 , it is assumed that the front parapet surface of the balconies can be used for installation of opaque solar installation, while the gross façade area behind the balconies is unsuitable for PV installation due to the self-shading. This factor also considers windows and doors placed between balconies. Solar irradiation analyses are conducted on each façade for IR 3 , which relates to the reduction of solar potential due to the shading of balconies, and IR 4 , which relates to reduction due to self-shading by other elements and projections of the buildings. Figure 8 shows an example for the south façades of an L-shaped building. Similarly, the reduction factor IR 5 is calculated considering the presence of external obstructions on the building, such as external staircases. In Table 8 the reduction factors for the L-shaped building are presented.
analyses are conducted on each façade for IR3, which relates to the reduction of solar potential due to the shading of balconies, and IR4, which relates to reduction due to self-shading by other elements and projections of the buildings. Figure 8 shows an example for the south façades of an L-shaped building. Similarly, the reduction factor IR5 is calculated considering the presence of external obstructions on the building, such as external staircases. In Table 8 the reduction factors for the Lshaped building are presented. analyses are conducted on each façade for IR3, which relates to the reduction of solar potential due to the shading of balconies, and IR4, which relates to reduction due to self-shading by other elements and projections of the buildings. Figure 8 shows an example for the south façades of an L-shaped building. Similarly, the reduction factor IR5 is calculated considering the presence of external obstructions on the building, such as external staircases. In Table 8 the reduction factors for the Lshaped building are presented. The same approach is used for the calculation of the reduction factors related to all of the façades of the different building typologies (Table 9 ). Regarding the roofs, the reduction factor IR r is assumed equal to 25% due to the presence of chimneys, technical installations, etc. This value is based on scientific studies in literature, which show that a quarter of the total roof area is dedicated to maintenance service machines of the building, building installations such as antennas or plants, and other functions such as swimming pools, storage rooms, etc. [35, 36] . 
3.6.
Step 6-Solar Potential, Solar Energy Generation Analysis, and Technology Recommendations
In the final step, critical areas of the district characterized by high and low solar potential are identified based on the solar map (Step 3) and data processing (Step 4).
The analysis is performed to localize the best area of the building envelope to install PV systems and to evaluate their energy generation. Moreover, reduction factors (Step 5) are applied to all of the building typologies to make the solar energy generation analyses more accurate. These are performed on a group of buildings by conducting grid-based irradiation map analyses in Diva-for-Rhino. These analyses allow calculation of direct, diffuse irradiation and the contribution of solar inter-building and ground reflections.
In that regard, it is possible to identify the areas with the highest and the lowest solar potential. Parameters and material settings for the simulations are presented in Table 10 and in Table 4 , respectively. The energy yield of a PV system is assessed using the following equation [37] :
where G is the average value of solar irradiation on surface area, Area is the area of façade or roof (m 2 ), eff indicates the efficiency of the PV module (%), and PR stands for performance ratio. Some assumptions are made for the calculation: the efficiency of PV modules is set equal to 22%, 17%, and 16% for roof modules, BIPV façade modules, and PV glass-to-glass modules (windows), respectively; the PR is set at up to 80%. The energy generation are calculated in order to evaluate how much of the total energy demand of the buildings can be covered by solar energy generation. Analyzed office and residential buildings are assumed to belong to the energy class A following Norwegian building regulations (NRB) [34] . A preliminary calculation of the total energy demand of the group of buildings and of the entire district is based on a simple calculation, where the value of the delivered energy per heated floor area of a building (Table 11) is multiplied for the number of buildings in the area. The buildings are assumed to belong to the class A according to the NRB. Finally, recommendations for the most suitable and efficient PV system are given depending on the solar irradiation impinging on the building's surfaces. The technology is chosen considering the local conditions, such as orientation, exposure of roofs and façades, shadowing effect, and sensitivity to diffuse and reflected irradiation.
For façades, different products and systems are available on the market with high customizability and full integration with building skin technologies, such as cold façades, curtain walls, and double skin façades [38] . Those active claddings have the same appearance and functionality as other façade materials and ensure both constructive and architectural integration. The use of glass-glass active claddings containing c-Si solar cells is a reliable and market-ready option both for large glazing parts and for opaque parts, as they can be semi-transparent [39] . Glass-glass PV can also be a solution for windows due to their capacity to shade the inner space by producing energy, and at the same time maintaining an adequate level of natural light.
However, another technology that fits for building skin surfaces is thin film PV cladding. It can be opaque, semitransparent, and lightweight in some applications. Thin film PV cladding also works well in low and scattered light, and can harvest solar energy even in shaded areas.
Application in the Case Study Are of Sluppen
Step 1-Urban Analysis
Currently, the Sluppen area consists of 89 buildings and is characterized a by lack of organized urban planning. There are no dominant orientations of the buildings and the area is characterized by low building density. Buildings with very low BRA (BRA < 5000 m 2 ) dominate the area, with 76% of the fabrics (Figure 9a ). In 93% of the area there are very low buildings (H < 20 m), while 7% of the structures are between 20-40 m of height ( Figure 9b ). The H/W aspect ratio is smaller than 2.0 in 90% of the buildings, while medium H/W is assumed for recently built buildings (Figure 9c ). Only 8% of the buildings have pitched roofs, with the incidence angle varying between 20 • and 35 • . 
Currently, the Sluppen area consists of 89 buildings and is characterized a by lack of organized urban planning. There are no dominant orientations of the buildings and the area is characterized by low building density. Buildings with very low BRA (BRA < 5000 m 2 ) dominate the area, with 76% of the fabrics (Figure 9a ). In 93% of the area there are very low buildings (H < 20 m), while 7% of the structures are between 20-40 m of height (Figure 9b ). The H/W aspect ratio is smaller than 2.0 in 90% of the buildings, while medium H/W is assumed for recently built buildings (Figure 9c ). Only 8% of the buildings have pitched roofs, with the incidence angle varying between 20° and 35°.
Feasibility study I consists of 131 buildings with two dominating orientations: NE-SW and NW-SE. Despite very low and low (5000 < BRA < 10,000 m 2 ) BRA dominating the area, covering for 47% and 30% of the dwellings, respectively, the %BRA for feasibility study I is more than 2.5 times greater than the existing situation ( Figure 9a ). Here, 59% and the 35% of the buildings have very low and low (20 < H < 40 m) heights, respectively (Figure 9b ); for half of the buildings (51%) the H/W ratio is very low (H/W < 2.0) ( Figure 9c ); and 77% of the buildings have flat roofs, while 23% of the structures have pitched roofs with inclination angles varying from 15° to 40°.
Feasibility study II consists of 146 buildings and presents the same dominating orientations as in feasibility study I. The total %BRA is 3 times greater compared than in the existing situation, with 59% of total number of structures having low BRA (Figure 9a ). The lowest buildings (59%) are situated in the peripheries of the neighborhood, while medium-height structures (39%) are located mainly between peripheries and the central part. Two high-rise buildings (H > 40 m) are situated in the core of the district (Figure 9b ), which is dominated by very low (39%) and low (45%) H/W ratio (Figure 9c ). Buildings with flat roofs cover 87% of the area, while the remaining 13% of the structures have pitched roofs with low roof inclinations of around 20°. Feasibility study I consists of 131 buildings with two dominating orientations: NE-SW and NW-SE. Despite very low and low (5000 < BRA < 10,000 m 2 ) BRA dominating the area, covering for 47% and 30% of the dwellings, respectively, the %BRA for feasibility study I is more than 2.5 times greater than the existing situation ( Figure 9a Feasibility study II consists of 146 buildings and presents the same dominating orientations as in feasibility study I. The total %BRA is 3 times greater compared than in the existing situation, with 59% of total number of structures having low BRA (Figure 9a ). The lowest buildings (59%) are situated in the peripheries of the neighborhood, while medium-height structures (39%) are located mainly between peripheries and the central part.
Two high-rise buildings (H > 40 m) are situated in the core of the district (Figure 9b ), which is dominated by very low (39%) and low (45%) H/W ratio (Figure 9c ). Buildings with flat roofs cover 87% of the area, while the remaining 13% of the structures have pitched roofs with low roof inclinations of around 20 • .
Step 2-Solar Irradiation Analysis
Solar irradiation map analysis ( Figure 10 shows an example related to feasibility study I) shows that in both existing and feasibility studies, the highest irradiation values are reached on the roofs in spring, while the lowest are reached in autumn (Table 12 ). In autumn and in winter, the highest values of solar irradiation are registered on the façades. Feasibility study I consists of 131 buildings with two dominating orientations: NE-SW and NW-SE. Despite very low and low (5000 < BRA < 10,000 m 2 ) BRA dominating the area, covering for 47% and 30% of the dwellings, respectively, the %BRA for feasibility study I is more than 2.5 times greater than the existing situation ( Figure 9a Feasibility study II consists of 146 buildings and presents the same dominating orientations as in feasibility study I. The total %BRA is 3 times greater compared than in the existing situation, with 59% of total number of structures having low BRA (Figure 9a ). The lowest buildings (59%) are situated in the peripheries of the neighborhood, while medium-height structures (39%) are located mainly between peripheries and the central part.
Solar irradiation map analysis ( Figure 10 shows an example related to feasibility study I) shows that in both existing and feasibility studies, the highest irradiation values are reached on the roofs in spring, while the lowest are reached in autumn (Table 12 ). In autumn and in winter, the highest values of solar irradiation are registered on the façades. 
Step 3 and Step 4-Solar Mapping and Data Processing
The annual solar potential analysis on roofs and façades ( Figure 11 ) shows that all the roofs' surfaces have high or very high solar potential and none of the surfaces has lower than medium solar potential in all of the analyzed scenarios. The solar maps show that around half of the façades in the existing situation range from high to medium solar potential because of the low building density and low H/W ratio, whereas in both feasibility studies around 30% of all of the façades register a similar solar potential.
In the existing situation ( Figure 12 ), three-quarters of the façades and the roofs have high (73%) solar energy generation capability and 2% show very high solar potential. The majority of the roofs (94%) show high solar potential, and the remaining roofs have higher solar potential. On the other hand, only 35% of the façades have high solar potential, while 40% of them show very low solar potential, such as the area with new buildings. In this case, the H/W ratio ranges between 4.1 and 6.0 ( Figure 15a ) and the building height ranges between 20 m and 40 m. 
The annual solar potential analysis on roofs and façades ( Figure 11 ) shows that all the roofs' surfaces have high or very high solar potential and none of the surfaces has lower than medium solar potential in all of the analyzed scenarios. The solar maps show that around half of the façades in the existing situation range from high to medium solar potential because of the low building density and low H/W ratio, whereas in both feasibility studies around 30% of all of the façades register a similar solar potential. In the existing situation ( Figure 12 ), three-quarters of the façades and the roofs have high (73%) solar energy generation capability and 2% show very high solar potential. The majority of the roofs (94%) show high solar potential, and the remaining roofs have higher solar potential. On the other hand, only 35% of the façades have high solar potential, while 40% of them show very low solar potential, such as the area with new buildings. In this case, the H/W ratio ranges between 4.1 and 6.0 (Figure 13a ) and the building height ranges between 20 m and 40 m.
In feasibility study I (Figure 14 ), all roofs range from medium to very high solar potential-88% have high solar energy potential, while 4% and 8% of them are characterized by medium and very high solar potential, respectively. Regarding the façades, 15% have high potential and there are no façades with very high solar potential because of the high density of the area (H/W > 8.0) (Figure 13b ). More than one-third (32%) of the buildings higher than 40 m have high solar potential, while for buildings that are lower than 20 m, this percentage drops down to 15%.
In feasibility study II (Figure 15 ), 89% of the roofs are characterized by high solar potential, 3% have medium solar potential, and the remaining 8% show very high solar potential. In feasibility study I (Figure 13 ), all roofs range from medium to very high solar potential-88% have high solar energy potential, while 4% and 8% of them are characterized by medium and very high solar potential, respectively. Regarding the façades, 15% have high potential and there are no façades with very high solar potential because of the high density of the area (H/W > 8.0) (Figure 15b ). More than one-third (32%) of the buildings higher than 40 m have high solar potential, while for In total, 30% of the façades shows very low solar potential, followed by 40% with low potential, 21% with medium solar potential, while 9% show high potential (half of this group belongs to the buildings higher than 40 m (Figure 15c) ). No façades show very high solar potential. 
Step 5 and Step 6-Reduction Factor Application and Solar Potential, Energy Generation Analysis, and Technology Recommendations in Critical Areas
In this part of the approach, the reduction factors (Step 5) and the solar potential and energy generation analysis (Step 6) are applied on the buildings located in the three critical areas of the existing situation, feasibility study I, and feasibility study II.
The critical area (4700 m 2 ) in the existing situation is characterized by highest building density, where new buildings such as Stålgården Nord (Building 17), Sør (Building 16), and Rektangular (Building 18) have recently been added to the existing area ( Figure 16 ). The grid-based solar analysis shows that 55% of the global solar irradiation is diffuse solar irradiation, while the remaining 45% is direct irradiation and solar irradiation from inter-building and ground reflections. In feasibility study I (Figure 13 ), all roofs range from medium to very high solar potential-88% have high solar energy potential, while 4% and 8% of them are characterized by medium and very high solar potential, respectively. Regarding the façades, 15% have high potential and there are no façades with very high solar potential because of the high density of the area (H/W > 8.0) (Figure 15b ). More than one-third (32%) of the buildings higher than 40 m have high solar potential, while for buildings that are lower than 20 m, this percentage drops down to 15%. In feasibility study II (Figure 14) , 89% of the roofs are characterized by high solar potential, 3% have medium solar potential, and the remaining 8% show very high solar potential. In total, 30% of the façades shows very low solar potential, followed by 40% with low potential, 21% with medium solar potential, while 9% show high potential (half of this group belongs to the buildings higher than 40 m (Figure 15c) ). No façades show very high solar potential. In total, 30% of the façades shows very low solar potential, followed by 40% with low potential, 21% with medium solar potential, while 9% show high potential (half of this group belongs to the buildings higher than 40 m (Figure 13c) ). No façades show very high solar potential.
The critical area (4700 m 2 ) in the existing situation is characterized by highest building density, where new buildings such as Stålgården Nord (Building 17), Sør (Building 16), and Rektangular (Building 18) have recently been added to the existing area ( Figure 16 ). The grid-based solar analysis shows that 55% of the global solar irradiation is diffuse solar irradiation, while the remaining 45% is direct irradiation and solar irradiation from inter-building and ground reflections. On the roofs, the distribution of direct, diffuse irradiation and reflection is equally divided, while in the case of the façades, more than 65% is attributed to diffuse irradiation and solar reflections, and the rest (about 30%) is attributed to direct irradiation (Figures 16 and 17 ). The outcomes underline that only for Building 16 is the average global solar irradiation on the façade (surface 22) higher than for the roof surfaces. For the solar energy generation calculation (Figure 18 ), reduction factors of 52% for the façades and 75% for the roofs are considered. On the roofs, the distribution of direct, diffuse irradiation and reflection is equally divided, while in the case of the façades, more than 65% is attributed to diffuse irradiation and solar reflections, and the rest (about 30%) is attributed to direct irradiation (Figures 16 and 17) . On the roofs, the distribution of direct, diffuse irradiation and reflection is equally divided, while in the case of the façades, more than 65% is attributed to diffuse irradiation and solar reflections, and the rest (about 30%) is attributed to direct irradiation (Figures 16 and 17 ). The outcomes underline that only for Building 16 is the average global solar irradiation on the façade (surface 22) higher than for the roof surfaces. For the solar energy generation calculation (Figure 18 ), reduction factors of 52% for the façades and 75% for the roofs are considered. The outcomes underline that only for Building 16 is the average global solar irradiation on the façade (surface 22) higher than for the roof surfaces. For the solar energy generation calculation (Figure 18 ), reduction factors of 52% for the façades and 75% for the roofs are considered. The outcomes underline that only for Building 16 is the average global solar irradiation on the façade (surface 22) higher than for the roof surfaces. For the solar energy generation calculation (Figure 18 ), reduction factors of 52% for the façades and 75% for the roofs are considered. Generally, the outcomes underline that all of the buildings' surfaces are strongly affected by overshadowing effect. Regarding the solar energy generation analysis, the roof of Building 18 shows highest potential, followed by the façade of Building 16. Therefore, highly efficient monocrystalline technology is recommended for roofs, while for the façades thin film is recommended, given that this technology has reduced sensitivity to temperature and shading [40] . For the transparent surfaces, glass-glass PV modules can be used due to their two-fold capability to simultaneously produce energy and shade the inner space ( Figure 19 ). highest potential, followed by the façade of Building 16. Therefore, highly efficient monocrystalline technology is recommended for roofs, while for the façades thin film is recommended, given that this technology has reduced sensitivity to temperature and shading [40] . For the transparent surfaces, glass-glass PV modules can be used due to their two-fold capability to simultaneously produce energy and shade the inner space ( Figure 19 ). In feasibility study I, the critical area (2750 m 2 ) chosen for detailed solar irradiation analysis and solar energy generation is of high density, characterized by buildings of 20-40 m height and medium H/W ratio, which limits the solar accessibility on the street level. In this area, 52% of the total solar irradiation is diffuse and reflected from the ground and the buildings, while 48% is direct irradiation. This distribution holds true for roofs, while when façades are considered, almost two-thirds (65%) are of the total solar irradiation is from diffuse irradiation and solar inter-building reflections, while 35% is from direct irradiation (Figures 20 and 21 ). In feasibility study I, the critical area (2750 m 2 ) chosen for detailed solar irradiation analysis and solar energy generation is of high density, characterized by buildings of 20-40 m height and medium H/W ratio, which limits the solar accessibility on the street level. In this area, 52% of the total solar irradiation is diffuse and reflected from the ground and the buildings, while 48% is direct irradiation. This distribution holds true for roofs, while when façades are considered, almost two-thirds (65%) are of the total solar irradiation is from diffuse irradiation and solar inter-building reflections, while 35% is from direct irradiation (Figures 20 and 21) .
The analysis in the critical area shows that the highest energy generation is from façades oriented southwest (Building 2 and Building 7), which are mainly unshaded by other buildings, while the pitched roof on Building 15b oriented southwest has the highest solar energy production, reaching 21,800 kWh/year. Among façades, Building 13, oriented southeast, has the best solar potential, with an estimated production of around 15,000 kWh/year (Figure 22) . Also, in feasibility study I the reduction factors of 52% for the façades and 75% for the roofs are used.
Regarding technology recommendations (Figure 23) , an in-roof PV system is suitable for pitched roofs of every orientation, while BIPV systems can cover three of the façades that have the highest solar potential of the analyzed buildings.
In feasibility study I, the critical area (2750 m ) chosen for detailed solar irradiation analysis and solar energy generation is of high density, characterized by buildings of 20-40 m height and medium H/W ratio, which limits the solar accessibility on the street level. In this area, 52% of the total solar irradiation is diffuse and reflected from the ground and the buildings, while 48% is direct irradiation. This distribution holds true for roofs, while when façades are considered, almost two-thirds (65%) are of the total solar irradiation is from diffuse irradiation and solar inter-building reflections, while 35% is from direct irradiation (Figures 20 and 21) . The analysis in the critical area shows that the highest energy generation is from façades oriented southwest (Building 2 and Building 7), which are mainly unshaded by other buildings, while the pitched roof on Building 15b oriented southwest has the highest solar energy production, reaching 21,800 kWh/year. Among façades, Building 13, oriented southeast, has the best solar potential, with an estimated production of around 15,000 kWh/year ( Figure 22) . Also, in feasibility study I the reduction factors of 52% for the façades and 75% for the roofs are used. Regarding technology recommendations (Figure 23) , an in-roof PV system is suitable for pitched roofs of every orientation, while BIPV systems can cover three of the façades that have the highest solar potential of the analyzed buildings.
Glass-to-glass solar cells are recommended for the windows. Based on these technologies, and consider that the buildings have residential functions, the solar energy produced from PV systems can cover up to 15% of the energy needs of the buildings in the critical area. Among façades, Building 13, oriented southeast, has the best solar potential, with an estimated production of around 15,000 kWh/year ( Figure 22) . Also, in feasibility study I the reduction factors of 52% for the façades and 75% for the roofs are used. Regarding technology recommendations (Figure 23) , an in-roof PV system is suitable for pitched roofs of every orientation, while BIPV systems can cover three of the façades that have the highest solar potential of the analyzed buildings.
Glass-to-glass solar cells are recommended for the windows. Based on these technologies, and consider that the buildings have residential functions, the solar energy produced from PV systems can cover up to 15% of the energy needs of the buildings in the critical area. Among façades, Building 13, oriented southeast, has the best solar potential, with an estimated production of around 15,000 kWh/year ( Figure 22) . Also, in feasibility study I the reduction factors of 52% for the façades and 75% for the roofs are used. Regarding technology recommendations ( Figure 23) , an in-roof PV system is suitable for pitched roofs of every orientation, while BIPV systems can cover three of the façades that have the highest solar potential of the analyzed buildings.
Glass-to-glass solar cells are recommended for the windows. Based on these technologies, and consider that the buildings have residential functions, the solar energy produced from PV systems can cover up to 15% of the energy needs of the buildings in the critical area. In the feasibility study II, the critical area (27,350 m 2 ) chosen for detailed analysis is characterized by the presence of various building typologies, such as the high-rise buildings, which affect the surrounding buildings with significant overshadowing throughout the year.
The area consists of six mixed-use structures (service and residential buildings), where 54% of Glass-to-glass solar cells are recommended for the windows. Based on these technologies, and consider that the buildings have residential functions, the solar energy produced from PV systems can cover up to 15% of the energy needs of the buildings in the critical area.
In the feasibility study II, the critical area (27,350 m 2 ) chosen for detailed analysis is characterized by the presence of various building typologies, such as the high-rise buildings, which affect the surrounding buildings with significant overshadowing throughout the year.
The area consists of six mixed-use structures (service and residential buildings), where 54% of the total solar irradiation is caused by diffuse irradiation and inter-buildings reflections, while 46% is from direct irradiation. The direct irradiation on the roofs accounts for 47% or the total irradiation, while 53% is from the combination of diffuse irradiation and solar reflections from the surrounding ground. In the case of façades, 85% of total irradiation is from diffuse irradiation and solar inter-building reflections, while 15% is from direct irradiation ( Figure 24 ). while 53% is from the combination of diffuse irradiation and solar reflections from the surrounding ground. In the case of façades, 85% of total irradiation is from diffuse irradiation and solar interbuilding reflections, while 15% is from direct irradiation ( Figure 24 ). The solar analysis shows that for the high-rise buildings, Building 32 and Building 119 ( Figure  24 ), the direct solar irradiation is almost double the irradiation on the roof.
However, because of the presence of the towers, the façades and the roofs of the nearby buildings have a significant reduction of solar energy potential ( Figure 25 ). Regarding the energy generation (Figure 26 ), the towers' roofs (no. 9 of Building 119 and no. 0 of Building 32) show the highest solar potential, while for façades these are the ones oriented southeast on the two towers (no. 2 and no. 3 in Building 32 and no. 5 and no. 6 in Building 119).
However, for those buildings, because of the high energy demand of such buildings, the energy generated from the solar systems only covers 8% and 12% of the energy needs for Building 119 and Building 32, respectively. Regarding the office buildings, the potential is the highest for Building 117, for which the solar energy covers 44% of its total energy needs ( Table 13 ).
The solar energy generation from PV systems installed on the building envelope in courtyard Building 118 can cover 16% of its energy demands, while in the L-shaped Building 115 and Building 116 it can cover 11% and 14% of their energy needs, respectively (Table 13 ). The solar analysis shows that for the high-rise buildings, Building 32 and Building 119 (Figure 24 ), the direct solar irradiation is almost double the irradiation on the roof.
However, because of the presence of the towers, the façades and the roofs of the nearby buildings have a significant reduction of solar energy potential ( Figure 25 ). Regarding the energy generation (Figure 26 ), the towers' roofs (no. 9 of Building 119 and no. 0 of Building 32) show the highest solar potential, while for façades these are the ones oriented southeast on the two towers (no. 2 and no. 3 in Building 32 and no. 5 and no. 6 in Building 119). while 53% is from the combination of diffuse irradiation and solar reflections from the surrounding ground. In the case of façades, 85% of total irradiation is from diffuse irradiation and solar interbuilding reflections, while 15% is from direct irradiation ( Figure 24 ). The solar analysis shows that for the high-rise buildings, Building 32 and Building 119 ( Figure  24 ), the direct solar irradiation is almost double the irradiation on the roof.
However, because of the presence of the towers, the façades and the roofs of the nearby buildings have a significant reduction of solar energy potential (Figure 25 ). Regarding the energy generation (Figure 26 ), the towers' roofs (no. 9 of Building 119 and no. 0 of Building 32) show the highest solar potential, while for façades these are the ones oriented southeast on the two towers (no. 2 and no. 3 in Building 32 and no. 5 and no. 6 in Building 119).
The solar energy generation from PV systems installed on the building envelope in courtyard Building 118 can cover 16% of its energy demands, while in the L-shaped Building 115 and Building 116 it can cover 11% and 14% of their energy needs, respectively (Table 13 ). The solar energy calculation considers the reduction factor, which is 75% for all of the roofs, while for the façades, the reduction factors are 47% and 52% for high-rise buildings and mid-rise office buildings, respectively. In the case of the façades of residential buildings, the reduction factor is 46% for courtyard structures and 22% for L-shaped dwellings. Regarding the technology recommendations (Figure 27 ), the highly efficient monocrystalline BAPV system can be installed on flat roofs, while glass-glass or thin film PV systems are suited for transparent surfaces and façades. 
Discussion
The increase of the supply energy from decentralized RES (by reducing the energy demand of the building stock) requires new applicable methodologies to integrate useful data into the energy Figure 26 . Solar energy generation on roofs (r) and façades in the critical area for feasibility study II.
However, for those buildings, because of the high energy demand of such buildings, the energy generated from the solar systems only covers 8% and 12% of the energy needs for Building 119 and Building 32, respectively. Regarding the office buildings, the potential is the highest for Building 117, for which the solar energy covers 44% of its total energy needs (Table 13 ). The solar energy generation from PV systems installed on the building envelope in courtyard Building 118 can cover 16% of its energy demands, while in the L-shaped Building 115 and Building 116 it can cover 11% and 14% of their energy needs, respectively (Table 13 ).
The solar energy calculation considers the reduction factor, which is 75% for all of the roofs, while for the façades, the reduction factors are 47% and 52% for high-rise buildings and mid-rise office buildings, respectively. In the case of the façades of residential buildings, the reduction factor is 46% for courtyard structures and 22% for L-shaped dwellings. Regarding the technology recommendations (Figure 27 ), the highly efficient monocrystalline BAPV system can be installed on flat roofs, while glass-glass or thin film PV systems are suited for transparent surfaces and façades. The solar energy calculation considers the reduction factor, which is 75% for all of the roofs, while for the façades, the reduction factors are 47% and 52% for high-rise buildings and mid-rise office buildings, respectively. In the case of the façades of residential buildings, the reduction factor is 46% for courtyard structures and 22% for L-shaped dwellings. Regarding the technology recommendations (Figure 27 ), the highly efficient monocrystalline BAPV system can be installed on flat roofs, while glass-glass or thin film PV systems are suited for transparent surfaces and façades. 
The increase of the supply energy from decentralized RES (by reducing the energy demand of the building stock) requires new applicable methodologies to integrate useful data into the energy Figure 27 . Solar technology recommendations for the critical area for feasibility study II.
The increase of the supply energy from decentralized RES (by reducing the energy demand of the building stock) requires new applicable methodologies to integrate useful data into the energy mapping systems in order to effectively support the real building process by promoting decision making and real actions. The available surfaces of the built environment are very promising sources for solar system integration. As such, the exploitation of their potential is a priority strategy towards their implementation in energy-efficient neighborhoods. A multidisciplinary approach is essential to include the building aspects within the real potential estimation of the built environments.
In this framework, this study aims to propose an approach to cover the existing research gaps on the definition of urban solar maps. Previous studies have demonstrated that Daysim, a Radiance-based software used for the solar analysis in this approach, accurately calculates solar irradiation in complex urban environments [7, 16, 28, 41] by considering the overshadowing effect from other buildings and solar inter-building and ground reflections. This allows evaluation of solar energy potential at the neighborhood scale by showing the potential of roofs and façades, which are not actually available in most of the existing solar maps. Furthermore, this also means that 3D solar maps can visualize solar potential of the whole neighborhood's surfaces and show solar availability in connection to the relevant urban indicators, such as urban density, morphology, H/W, and BRA.
Another novelty of this approach is the application of reduction factors of solar potential that consider the analysis of local building typological aspects. Their application allows a more accurate estimation of solar potential depending on building typologies, architectural features, and construction constraints. In the analyzed scenarios, 22-53% of façade surfaces are suitable for solar system installation. When residential buildings are considered, the available area is smallest in the case of L-shaped buildings, where on average only 22% of the façade area can be considered because of the presence of: (i) transparent surfaces (windows) to guarantee indoor daylight visual comfort and solar gain penetration, (ii) obstructions (e.g., balconies, external staircases), and (iii) self-shading. Despite those constraints, for U-shaped buildings and row houses, more than 45% of façades are suited for PV system installation, while for linear residential buildings, more than 50% of the available area is suitable for PV installation on the façades. In the case of office buildings characterized by simpler and more linear forms as well as the low presence of architectural features and construction constraints (e.g., no balconies or self-shading elements), the usable area is more than 50%. Here, the most important reduction factor influencing the solar potential is the presence of windows. Finally, a detailed irradiation analysis in selected critical areas allows identification of the best solar technologies suited to local conditions, such as exposure to direct or diffuse and reflected irradiation, shading, and orientation of the building envelope elements. Solar technologies available on the market today are not limited to PV systems on roofs, rather there are numerous technologies that can be integrated into the façades, windows, and balconies, with increasingly innovative and customizable solutions. In that regard, the solar energy generation analysis conducted in the critical areas shows that solar systems can cover between 8% and 44% of the total energy needs of the buildings, depending on the urban morphology and adopted technology.
Limitations of the Study
There are several limitations associated with the developed approach. Firstly, when making solar maps at the district scale, average values of solar irradiation for a point in the middle of the façades and roofs are considered. However, the solar potential can vary significantly on the surfaces of the building's envelope because of the self-shading by other parts of the building, presence of the surrounding buildings, etc. Therefore, a more refined grid-based analysis, such as the example performed in Step 6 of the critical areas, should be conducted at the district scale. In terms of shading, the vegetation elements are not considered. In this case, LiDAR technology can overcome this gap by building a more detailed 3D model with locations and presence of trees. LiDAR technology can also be used to build a more refined 3D model of the buildings by detailing all of the architectural features (obstructions, windows, etc.) on the roofs and on the façades, avoiding the application of the reduction factors.
Secondly, PV energy production calculation is based on a simplified equation that provides an estimation of the PV energy generation without considering typical system design aspects (i.e., the losses caused by the local shading on module strings, the energy conversion from solar energy to electric energy, and transportation losses from the surface of the panel to the system for energy conversion). This gap can be covered, for example, by using dedicated software for more accurate solar energy production calculations when the specific photovoltaic system is designed. Further studies are also required for seasonal variations in solar energy production.
Thirdly, the research scope is limited to solar PV systems, given that electrical energy is the main supply system in Norway. However, the approach can also be used for other systems, such as ST installations. Furthermore, financial aspects and payback time connected to PV systems were not considered in this study.
Another limitation is associated with aesthetic evaluation of solar systems at the district scale. The aesthetic evaluation of integration of solar energy systems can be assessed by using tools such as LESO-QSV [42] .
Lastly, the values of reduction indicators due to transparent surfaces, architectural obstructions, and self-shading of the building are based on analysis of local building features in Trondheim; therefore, their definition and solar potential can vary substantially depending on the building typology, local architectural features, and climate conditions.
Conclusions and Outlook to Further Work
This study presents a methodological approach to estimate the solar energy potential at the neighborhood scale, considering local shadowing and inter-building effects, as well as the analysis of local building typological aspects. By analyzing urban parameters and creating solar maps of the built areas, a relation between building typologies, urban and building factors (e.g., orientation of the façades and roofs, morphology, H/W, height of the structures), and solar energy potential was studied. The outcomes confirmed that no façade orientation was identified as the optimal one [28] . Regarding building design and solar energy generation potential, the following outcomes specific to the latitude of Trondheim can be confirmed:
•
High-rise buildings have a high potential for BIPV façade integration, even though in the analyzed scenario the energy coverage by solar systems is quite low. Solar systems for buildings higher than 40 m can cover only up to 12% of the total energy needs. • High-rise buildings produce significant shading in all seasons (even in the summer, when the sun angle is as high as 60 • at Trondheim's latitude) on the surrounding buildings. High-rise buildings reduce the solar potential of the surrounding buildings by lowering solar energy production potential by 15%. This latter percentage strictly depends on the local urban scenario.
Low-rise buildings characterized by lower energy demand, such as linear buildings, row houses, and simple blocks with considerable roof area (flat or pitched), are the most suitable building typologies for rooftop PV system installation, with potential energy coverage by solar systems ranging from 26% to 44% depending on the local conditions. • L-shaped and U-shaped buildings are characterized by low suitability for solar system installation due to shadowing from the surrounding buildings. For those buildings, the energy generation from solar systems can cover up to 11%-14% and 16% of their total energy needs, respectively.
Furthermore, the application of reduction factors related to architectural and geometrical building features allowed estimation of solar potential by considering transparent surfaces and obstructions, while detailed irradiation analysis allowed the best locations with high solar potential to be identified and the most suitable PV technologies to be chosen based on the local conditions.
